Abstract-A significant link has been reported between aortic stiffening and renal microvascular damage, but the underlying mechanism remains poorly understood. We hypothesized that alterations in central and renal hemodynamics are responsible for this link. In 133 patients with hypertension, pressure waveforms were recorded on the radial, carotid, femoral, and dorsalis pedis arteries with applanation tonometry to estimate the aortic pressures and aortic (carotidfemoral) and peripheral (carotid-radial and femoral-dorsalis pedis) pulse wave velocities. Flow-velocity waveforms were recorded on the renal segmental arteries with duplex ultrasound to calculate the resistive index (RI) as [1 Ϫ (end-diastolic velocity/peak systolic velocity)] and on the femoral arteries to calculate the reverse/forward flow index and diastolic/systolic forward-flow ratio. Albuminuria was defined as urinary albumin/creatinine ratio Ն30 mg/g of creatinine. The renal RI (mean: 0.65Ϯ0.07) was strongly correlated (PϽ0.001) with the aortic pulse pressure (rϭ0.62), incident pressure wave (rϭ0.55), augmented pressure (rϭ0.49), and aortic pulse wave velocity (rϭ0.51), although not with the mean arterial pressure or peripheral pulse wave velocities. The correlations remained highly significant after consideration of confounders including age, cholesterol, hemoglobin A 1c , and glomerular filtration rate. The renal RI was inversely correlated with the femoral reverse and diastolic forward flow indices. Both aortic pulse pressure and renal RI correlated with the urinary albumin/creatinine ratio independent of confounders. Each 0.1 increase in renal RI was associated with a 5.4-fold increase in the adjusted relative risk of albuminuria. In conclusion, increased aortic pulse pressure causes renal microvascular damage through altered renal hemodynamics resulting from increased peripheral resistance and/or increased flow pulsation. 
T he pulsatile nature of the central hemodynamics has a deleterious impact on vital organs. There is a substantial body of evidence that the aortic pulse pressure predicts future cardiovascular and total mortality risk in various patient populations. [1] [2] [3] The aortic pulse pressure is also a better predictive indicator than the brachial pulse pressure. 2, 3 The central aortic pressure is generally referred to as the pressure exerted at the level of the heart, brain, and kidney, and clinical studies have associated its elevation with the development of macrovascular and microvascular damage in these organs. Specifically for the kidney, a recent study demonstrated significant associations between increased aortic pulse pressure and proteinuria, as well as serum creatinine, in patients at high coronary risk. 4 In addition, the aortic pulse wave velocity (PWV) 5, 6 and peripheral pressure wave reflection, 7, 8 2 major determinants of the aortic pulse pressure, have also been shown to be associated with renal microvascular damage. Despite these observations, however, the pathophysiological mechanism that links the central hemodynamics to renal damage is still not fully understood.
Duplex ultrasonography has been increasingly applied to the kidney (eg, the intrarenal segmental arteries and main renal arteries) for noninvasive evaluation of the renal hemodynamics. The most widely used parameter is the resistive index (RI) derived from the pulsatile flow-velocity waveform, because it has been validated as a significant predictor of progressive renal dysfunction and adverse cardiovascular events. 9 -13 The renal RI has also been related to the findings of various histological and biochemical assessments of renal microvascular damage. 14 -16 The renal RI is conventionally accepted as a measure of the intrarenal peripheral vascular resistance, 17, 18 but later studies have revealed its potential association with extrarenal hemodynamic factors. 19 -22 In the present study, we hypothesized that the renal microvascular damage that results from increased central pulse pressure and aortic stiffness is attributable to altered renal hemodynamics. To test this hypothesis, we investigated the hemodynamic determinants of renal RI in patients with hypertension. We also investigated the potential association between renal RI and microalbuminuria, an early manifesta-tion of glomerular injury. Also, because we reported recently that renal artery flow could be supplied in part by aortic reverse (upstream) flow from the lower extremities, 23 we additionally examined the potential connection between renal RI and the pulsatile flow indices of the femoral artery.
Methods
An expanded Methods section is provided in the online Data Supplement (please see http://hyper.ahajournals.org).
Subjects
We consecutively studied adult patients with hypertension who were seen at Tohoku University Hospital. Exclusion criteria were renal artery stenosis, glomerulonephritis, end-stage renal failure, aortic aneurysm, aortitis syndrome, aortic coarctation, peripheral artery disease, heart failure, atrial fibrillation, and acute cardiovascular events within 6 months of the study. Finally, 133 patients (82 women and 51 men) were included. The study protocol had official approval from the institutional ethics committee, and all of the subjects gave written informed consent.
Aortic Blood Pressure Measurements
A series of vascular examinations were made in a controlled environment, as described previously in detail. 23 Briefly, after the brachial pressure was twice measured with a cuff-oscillometric device, the radial artery pressure pulse waveform was recorded with an applanation tonometry technique and then converted with a validated generalized transfer function to the corresponding aortic pulse waveform. The generated aortic waveform was calibrated with the brachial mean and diastolic pressures to determine the aortic systolic and pulse pressures. The aortic augmented pressure, the aortic augmentation index, and the round-trip travel time of the pressure wave were measured, as reported previously. 23 The incident pressure wave height was calculated as the difference between the diastolic pressure and the pressure at the first systolic peak (or shoulder).
Measurements of PWV and Pulse Pressure Amplification
The carotid-femoral PWV was measured as described previously. 23 The carotid-radial and femoral-dorsalis pedis PWVs were additionally measured in subsets of subjects (nϭ123 and nϭ105, respectively). The aorta-to-femoral, aorta-to-dorsalis pedis, and aorta-toradial pulse pressure amplifications were calculated as the percentage ratios of the respective peripheral pulse pressures to the aortic pulse pressure. 23 
Renal Flow Measurements
The Doppler flow velocity was recorded using duplex ultrasonography at 2 levels of the renal arteries, the intrarenal segmental arteries and the main tract of the renal arteries. The RI was calculated using the following equation: RIϭ1 Ϫ (end-diastolic velocity/peak systolic velocity).
Femoral Flow Measurements
Doppler flow velocity waveform was recorded on the femoral artery, as described previously. 23 The systolic forward peak velocity (V F ), reverse peak velocity (V R ), diastolic forward peak velocity (V F2 ), and end-diastolic velocity (V D ) were measured to calculate the reverse/ forward flow index as follows: [|V R ϪV D |/|V F ϪV D |ϫ100 (%)] and the diastolic/systolic forward flow ratio as follows: [|V F2 |/|V F |ϫ 100 (%)].
Laboratory Measurements
Biochemical examinations were made using blood and spot urine samples. Estimated glomerular filtration rate (eGFR) was calculated from age, sex, and serum creatinine. Normoalbuminuria, microalbuminuria, and macroalbuminuria were classified as the urinary albumin/creatinine ratios (UACRs) of Ͻ30, 30 to 299, and Ն300 mg/g, respectively. The presence of albuminuria was defined as UACR Ն30 mg/g.
Statistical Analysis
Data are expressed as meanϮSD or percentages. Univariate analyses were made using Pearson correlation coefficients, Student t test, ANOVA followed by Bonferroni correction, paired t test, or 2 test, as appropriate. Independent correlates of RI and UACR were investigated using multivariate linear regression analysis with the stepwise procedure. Potential covariates were selected if there was a previously recognized association or significant univariate correlation. Partial correlation analysis was used to examine the relationship between renal RI and femoral flow parameters while controlling for other potentially relevant variables. Independent predictors of albuminuria were evaluated using multivariate logistic regression analysis. A P value of Ͻ0.05 was considered statistically significant.
Results

Subject Characteristics
The characteristics of the subjects (mean age: 56Ϯ12 years) are summarized in Table 1 . Most of the subjects had their blood pressure controlled well with antihypertensive therapy, with a mean brachial systolic/diastolic pressure of 122Ϯ15/ 69Ϯ9 mm Hg. The antihypertensive dugs that were being prescribed either alone or in combination included calcium channel blockers in 114 patients (86%), renin-angiotensin system (RAS) inhibitors (angiotensin receptor blockers, converting enzyme inhibitors, or renin inhibitors) in 24 (18%), diuretics in 10 (8%), adrenergic receptor blockers (␣ 1 -or ␤-blockers) in 87 (65%), and others in 8 patients (6%). Some of the subjects had hypercholesterolemia (32%) and diabetes mellitus (21%). Most subjects showed normal serum creatinine concentration (mean: 0.7Ϯ0.4 mg/dL). Mean eGFR was 72Ϯ19 mL/min per 1.73 m 2 . The RI was successfully determined in all of the subjects (100%) for the segmental arteries, and in all but 2 obese subjects (98%) for the main renal arteries. The mean RIs of the segmental arteries and the main renal arteries were 0.65Ϯ0.07 and 0.69Ϯ0.07, respectively, and the former was lower than the latter (PϽ0.001). There was a close correlation between the segmental and main RIs (rϭ0.79; PϽ0.001). No subjects showed a renal/aortic velocity ratio Ͼ3.5 that is indicative of renal artery stenosis.
Determinants of Renal RI
The Figure shows the relationships between the renal segmental artery RI and various pressure pulse parameters. The segmental RI showed a strong and positive correlation with the aortic pulse pressure, despite the lack of a correlation with the aortic mean pressure. The segmental RI was correlated with both of the 2 components of the aortic pulse pressure, that is, the incident pressure wave height and the augmented pressure. There were also positive correlations with the aortic augmentation index and inverse correlations with the roundtrip travel time and the aorta-to-peripheral pulse pressure amplifications. The aortic (carotid-femoral) PWV, but not the peripheral (carotid-radial and femoral-dorsalis pedis) PWVs, had a positive correlation with the segmental RI. The aortic pulse pressure was found to be the strongest correlate of the segmental RI among the different blood pressure measures including the aortic systolic pressure (rϭ0.33) and brachial systolic (rϭ0.32), diastolic (rϭϪ0. 19) , and pulse (rϭ0.58) pressures; the correlation coefficient was significantly higher for the aortic pulse pressure than for the aortic, as well as brachial systolic, mean, and diastolic, pressures (PϽ0.001 for all). Similar univariate relationships were observed between the main renal artery RI and the above-mentioned pressure pulse parameters ( Figure S1 , available in the online Data Supplement, please see http://hyper.ahajournals.org).
When the subjects were divided into tertile groups according to the RI of the segmental arteries, significant group differences were observed in age, high-density lipoprotein cholesterol, hemoglobin A 1c , eGFR, UACR, the prevalence of hypercholesterolemia, and the use of RAS inhibitors (Table S1 ). Body height tended to decrease with increasing RI tertiles. The renal RI was not associated with the use of antihypertensive drug classes other than RAS inhibitors (ie, calcium channel blockers, diuretics, and adrenergic receptor blockers).
When multivariate linear regression analysis was performed with potentially relevant factors, the aortic pulse pressure was found to be a major independent correlate of the renal RI (model 1 in Table 2 ). Age, hemoglobin A 1c , and UACR were also independent positive correlates of the renal RI, whereas high-density lipoprotein cholesterol and mean arterial pressure were independent but negative correlates. Neither eGFR nor use of RAS inhibitors was independently associated with the RI. When substituted for the aortic pulse pressure in this multivariate model, the aortic incident wave height (model 2), aortic augmented pressure (model 3), and aortic PWV (model 4) were also capable of independently determining the RI. When the aortic pulse pressure and aortic PWV were simultaneously entered into a model (model 5), only the aortic pulse pressure but not the aortic PWV constituted an independent determinant of the renal RI (ie, the same result as model 1). If UACR was excluded from the covariates of model 5, the aortic pulse pressure and PWV were simultaneously adopted as independent determinants of the renal RI (␤ϭ0.59, PϽ0.001 and ␤ϭ0.21, Pϭ0.01, respectively); however, the standardized regression coefficient was significantly greater for the aortic pulse pressure than for the aortic PWV (PϽ0.001).
On substitution for the aortic pulse and mean pressures in model 1, the diastolic pressure showed an independent but inverse correlation with the renal RI (␤ϭϪ0.17; Pϭ0.02). The RI had no independent associations with the aortic or brachial systolic pressure, aortic augmentation index, pulse pressure amplifications, or peripheral PWVs. The RI of the main renal arteries had the same independent determinants as the RI of the segmental arteries (Table S2) .
Relationship Between Renal RI and Femoral Flow Velocity Indices
The segmental and main renal artery RIs had significant inverse correlations with the femoral artery diastolic/systolic forward-flow ratio (rϭϪ0.57 and rϭϪ0.49; PϽ0.001 for both) and with the femoral reverse/forward flow index (rϭϪ0.28, PϽ0.001 and rϭϪ0.20, Pϭ0.02, respectively). Figure S2 shows that the renal segmental and main RIs decreased in a dose-dependent manner with increasing tertiles 
Relation to Urinary Albumin Excretion
Data on urinary albumin excretion were available in 129 (97%) of 133 subjects. The median value and interquartile range of UACR were 8 and 4 to 19 mg/g, respectively (Table 1) . Normoalbuminuria was seen in 106 patients (82%), microalbuminuria in 20 (16%), and macroalbuminuria in 3 (2%). On univariate analyses, the RIs of the segmental and main renal arteries were significantly correlated with the logtransformed UACR (rϭ0. 41 Relationships between various pressure pulse parameters and the resistive index of the renal segmental arteries. PP A indicates aortic pulse pressure; MAP A , aortic mean pressure; P1h A , aortic incident pressure wave height; AP A , aortic augmented pressure; AIx A , aortic augmentation index; Tr A , round-trip travel time of the aortic pressure wave; AMP A-F , aorta-to-femoral pulse pressure amplification; AMP F-DP , femoral-todorsalis pedis pulse pressure amplification; AMP A-R , aorta-to-radial pulse pressure amplification; PWV C-F , carotidfemoral pulse wave velocity; PWV F-DP , femoral-dorsalis pedis pulse wave velocity; PWV C-R , carotid-radial pulse wave velocity.
adjusted aortic augmentation index tended to correlate with UACR (rϭ0.17; Pϭ0.06), whereas the aorta-to-peripheral pulse amplifications and peripheral PWVs did not. Diabetic subjects had a higher UACR than nondiabetic subjects (1.29Ϯ0.80 versus 0.95Ϯ0.57 mg/g; Pϭ0.04). There were no significant associations between UACR and antihypertensive drug classes, including RAS inhibitors. On multivariate analyses considering various potentially relevant factors, the segmental and main renal artery RIs were found to be independent predictors of UACR (models 1 and 2 in Table 3 ). On replacement of the renal RI, the aortic pulse pressure (model 3) and augmented pressure (model 4), but not the aortic PWV (model 5), were independently correlated with UACR. When both renal RI and aortic pulse pressure were simultaneously entered, only the renal RI had a significant predictive power (ie, the same results as models 1 and 2).
Compared with the subjects with normoalbuminuria, the subjects with microalbuminuria or macroalbuminuria were older and had greater renal RIs; higher aortic pulse, as well as systolic and diastolic pressures; a higher carotid-femoral PWV; a greater hemoglobin A 1c ; and higher prevalence of diabetes mellitus (Table S3) . Even in consideration of various confounders, the segmental and main renal RIs independently predicted the presence of albuminuria (logistic models 1 and 2 in Table S4 ). *Covariates included in the multiple linear regression models were age, sex, height, body mass index, mean arterial pressure, heart rate, estimated glomerular filtration rate, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, hemoglobin A 1c , hypercholesterolemia, diabetes mellitus, and use of reninangiotensin system inhibitors.
The adjusted relative risk of albuminuria was elevated 5.4-fold by each 0.1 increase in the segmental artery RI and 6.6-fold by each 0.1 increase in the main renal artery RI. When substituted for the renal RI, the aortic pulse pressure (logistic model 3) and carotid-femoral PWV (logistic model 4) were able to independently predict albuminuria. The aortic systolic pressure was also predictive of albuminuria (odds ratio of 1.90 for each 10-mm Hg increase [95% CI: 1.36 -2.65]; PϽ0.001), whereas the diastolic pressure was not.
Discussion
Previous studies have validated the renal Doppler flow RI as a noninvasive measure of renal hemodynamics, 17, 18 as a clinical marker of target organ damage, 14 -16,21 and as a prognostic predictor of renal and cardiovascular outcomes. 9 -13 Until recently, however, the unifying mechanism that accounts for these 3 independently observed characteristics has remained obscure. The key findings of the present study were that the renal RI does the following: (1) depends strongly on the aortic pulse pressure and aortic stiffness; (2) correlates inversely with the femoral reverse-flow and diastolic forward-flow indices; and (3) predicts urinary albumin excretion together with the aortic pulse pressure. To our knowledge, this study is the first to demonstrate that altered renal hemodynamics resulting from increased central pulse pressure and aortic stiffness contribute to the development of renal microvascular damage. These novel findings extend previous observations on renal RI and provide further insight into the interaction between the central and renal hemodynamics.
In this study, renal RI was highly dependent on the aortic pulse pressure, despite there being no dependence on the mean arterial pressure (Figure and Figure S1 ). The dependence appeared to be direct and irrespective of various confounding factors (Tables 2 and S2 ). These results can be interpreted in 2 ways, 22 based on the 2 different views of RI described below.
First, considering the conventional view that RI reflects the peripheral vascular resistance, 17, 18 these results would suggest that the aortic pulse pressure determines the renal vascular resistance. This interpretation may correspond with previous observations that the pressure pulse travels with little damping from the central aorta down to the renal resistance microvessels. 24 It may also correspond with the observation that the pulsatile (rather than steady) pressure stimulates the myogenic response of renal afferent arterioles to increase vascular resistance. 25 Second, we propose here another potential view that renal RI reflects the renal flow pulsation. It can be clearly seen from the equation that the RI is, by definition, a measure of the arterial flow pulsatility; specifically, an increase in RI means a relative increase in systolic flow and a relative decrease in diastolic flow. According to this novel view, the present results would indicate that the aortic pressure pulsation determines the renal flow pulsation. This interpretation agrees well with the actual data on renal vascular impedance. 26 -28 Also, this interpretation can explain the reported dependency of the renal flow indices on extrarenal factors, including age, 16, 29 heart rate, 30 and Valsalva maneuver, 31 all of which can influence the aortic pulse pressure. Furthermore, this novel view is supported by experimental evidence that the pulse pressure is more important than the renal vascular resistance in determining the RI of isolated perfused rabbit kidneys. 20 We found that the renal RI is correlated with the aortic stiffness (ie, carotid-femoral PWV) but not with the muscular artery stiffness (ie, femoral-dorsalis pedis or carotid-radial PWV; Figure and Figure S1 ). Previous studies using brachialankle PWV have shown a similar connection between increased arterial stiffness and altered renal hemodynamics in diabetic patients. 16 ,32 Moreover, we found significant correlations between renal RI and the aortic incident and reflected pressure waves, both of which constitute the aortic pulse pressure and increase with aortic stiffening. 33 In addition, on the multivariate analysis where the aortic pulse pressure and PWV were simultaneously taken into account, only the aortic pulse pressure but not aortic PWV was capable of independently determining the renal RI (model 5 in Tables 2 and S2 ). These results suggest that the connection between aortic stiffening and coexistent changes in the renal hemodynamics is primarily attributable to the increased aortic pulse pressure.
Considering the arterial tree geometry, the observed relationships between renal and femoral flow indices ( Figure S2 ) are probably relevant to the central (bidirectional) flow dynamics. Because the renal RI inversely correlates with the renal diastolic flow at a given renal systolic flow (compare the equation), the inverse correlation between the renal RI and femoral reverse-flow index implies that the renal diastolic flow is directly proportional to the femoral reverse flow. This proportional relationship may be attributable to the reverse (upstream) flow in the infrarenal aorta, which originates from the lower body and generates diastolic inflow into the renal arteries. 23, 34 On a similar basis, the inverse correlation between the renal RI and femoral diastolic forward-flow ratio ( Figure S2 ) may be explicable by the diastolic forward (downstream) flow from the suprarenal aorta, which supplies inflows into the kidneys, as well as into the lower extremities. 34 These explanations are in accordance with the fact that distinct reverse flow exists in the infrarenal aorta, whereas little or no reverse flow is seen in the suprarenal aorta. 35 Here, it should be of particular note that the amount of the femoral reverse and diastolic forward flows is determined by the femoral-to-aortic pressure gradient (ie, pulse pressure amplification), as well as by the aortic distensibility. 23 This probably accounts for the present observation that the correlation between the femoral and renal flow indices was at least in part dependent on the aortic pulse pressure.
In agreement with previous studies, 6 ,36 the present study confirmed an association between increased aortic (but not muscular artery) stiffness and (micro)albuminuria (Tables S3  and S4 ). This association has so far been attributed primarily to an increased pulsatile pressure (as a result of aortic stiffening), which travels from the central aorta to the peripheral glomeruli and can cause excessive tensile stress, leading to glomerular hypertension and sclerosis (ie, "pressure" hypothesis). 24, 28, 37, 38 Our present data agree with this hypothesis because, in fact, the aortic pulse pressure was a significant predictor of albuminuria (model 3 in Table 3 and  Table S4 ). This observation is also in accordance with previous studies showing associations between increased brachial pulse pressure and albuminuria, 39 as well as subsequent faster decline in renal function. 40, 41 However, we made an additional observation that, when urinary albumin excretion was assessed as a continuous variable (ie, UACR), it was independently predictable by the aortic pulse pressure but not by the aortic PWV (Table 3) . Similar difference in predictive significance between the central pulse pressure and aortic stiffness has been reported on the progression to end-stage renal disease. 42 This difference may be explained on the theoretical basis that the central pulse pressure depends only partially on the aortic stiffness because it depends also on the peripheral pressure wave reflection, as well as stroke volume. This explanation is actually supported by the present observation that the aortic augmented pressure was independently predictive of UACR (model 4 in Table 3 ). Fesler et al 8 also reported on an important involvement of pressure wave reflection in urinary albumin excretion and glomerular hemodynamics in normotensive individuals.
Compatible with previous data in different study populations, 15, 16 our data show that not only the aortic pulse pressure but also the renal RI was associated with albuminuria (models 1 and 2 in Table 3 and Tables S3 and S4 ). Furthermore, when the renal RI and aortic pulse pressure were simultaneously entered into a multivariate model, only the renal RI was able to predict urinary albumin excretion. These results strongly suggest that the link between the increased aortic pulse pressure and albuminuria is indeed mediated by the altered renal flow dynamics. Moreover, our data show that the association between the renal RI and urinary albumin excretion persisted even after controlling for the aortic pulse pressure and aortic stiffness (Tables 2 and S2 ). Importantly, there is another potential mechanism (alternative to the pressure hypothesis) relating to renal microvascular injury, known as the flow hypothesis. 24 The flow hypothesis states that increased flow pulsation (that often occurs as a consequence of aortic stiffening and increased pressure pulsation) extends deeply into the renal microvasculature and causes excessive cyclic shear stress, leading to glomerular hyperfiltration and endothelial dysfunction. 24, 38 If the renal RI is regarded as a measure of the renal flow pulsation, then our data presented here correspond exactly with this flow hypothesis. The pathophysiological importance of the renal flow (as well as pressure) pulsation is further strengthened by the recent study of Briet et al 42 showing an association between conduit artery remodeling and renal damage progression; increased arterial diameter attributed to remodeling would reduce characteristic impedance (according to the water hammer and Moens-Korteweg equations) and thereby increase arterial flow pulsation (at a given pressure pulsation), which could cause more torrential pulsatile flow downstream into the renal vulnerable microvasculature, even without accompanying increases in arterial pulsatile pressure and stiffness.
This study has strengths and limitations. We measured RIs at not only the segmental arteries but also at the main renal arteries. These RIs showed a close correlation between each other and similar relationships with the pressure pulse parameters and urinary albumin excretion. These results indicate that RI can be reliably measured at different sites of the renal arteries and that the proximal and distal measurements provide essentially the same information on the renal flow characteristics. Also, flow velocity measurement at the main renal arteries enabled us to exclude renal artery stenosis, which can bias the determination of RI at downstream sites. As limitations, we did not directly evaluate the aortic reverse flow in this study. However, there is evidence of a close similarity in the bidirectional flow waveforms between the femoral artery and the infrarenal aorta. 34 Indirect estimation of the central pressure parameters from the radial waveform using a generalized transfer function could have potentially influenced the present results, but recent studies have demonstrated that the central pressure derived with this method corresponds well with the measured carotid pressure and that the transfer function is generalizable to patients with various degrees of renal function. 43 Antihypertensive medication (including RAS inhibitors and other drug classes) might also have had some influence on the present results through its direct and indirect actions on the renal hemodynamics, although the potential confounding influence was statistically eliminated. Furthermore, in addition to the arterial factors (including arterial pressure, stiffness, and diameter), the venous factors (particularly venous compliance) may also participate in renal hemodynamics. 44, 45 Finally, on account of the cross-sectional nature of this study, the suggested causal link between the altered hemodynamics and albuminuria, as well as renal damage progression, needs be confirmed further by prospective studies.
Perspectives
Microalbuminuria is known as a prognostic marker of progressive renal dysfunction and cardiovascular diseases. Our data suggest that reductions in the aortic pulse pressure, aortic stiffness, and renal flow pulsation would beneficially contribute to a reduction in urinary albumin excretion and thereby help to improve the renal and cardiovascular prognosis. Future interventional studies are needed to determine whether the aortic pressure, aortic PWV, and renal RI can serve as useful, noninvasive guides for the prevention and treatment of renal microvascular damage induced by hypertension.
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Expanded Methods
Subjects
We consecutively studied adult patients with hypertension who were seen at Tohoku University Hospital. Patients were excluded from the analysis if they had the following disease(s): 1) renal artery stenosis (renal systolic maximal flow velocity > 180 cm/s and renal-to-aortic flow velocity ratio > 3.5, 1 past history of percutaneous transluminal renal angioplasty and/or stent implantation, or documented); 2) chronic or acute glomerulonephritis, 3) end-stage renal failure (serum creatinine > 8 mg/dl or under hemodialysis therapy); 4) thoracic or abdominal aortic aneurysm; 5) aortitis syndrome or aortic coarctation; 6) peripheral artery disease; 7) heart failure; 8) sustained arterial fibrillation; or 9) acute coronary or stroke events within 6 months of the study. Finally, 133 patients (82 women and 51 men) were included in this study. Seventy percent of the study population consisted of participants from our previous study. 2 The study protocol had official approval from the institutional ethics committee of Tohoku University, and all subjects gave written informed consent.
Aortic blood pressure measurements
A series of vascular examinations were made in a controlled environment, as previously described in detail. 2 Briefly, patients were rested in the supine position for 20 minutes, after which blood pressure was twice measured over the brachial artery using a The height of the forward incident pressure wave (P1h) was calculated as the difference between the diastolic pressure and the pressure at the first systolic peak (or shoulder).
Pulse wave velocity measurements
The pulse wave velocity (PWV) was measured between the carotid and femoral artery regions, as described previously. 2 Additional PWV measurements were made from the carotid to radial artery and from the femoral to dorsalis-pedis artery in subsets of subjects (n = 123 and n = 105, respectively). The carotid-femoral PWV (PWV C-F ) measures elastic artery (aortic) stiffness, while the carotid-radial PWV (PWV C-R ) and femoral-dorsalis pedis PWV (PWV F-DP ) measure muscular (peripheral) artery stiffness.
Pulse pressure amplification measurements
The aorta-to-femoral, aorta-to-dosalis pedis, and aorta-to-radial pulse pressure amplifications were calculated as the percent ratios of the respective peripheral pulse pressures to the aortic pulse pressure, as described previously.
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Renal flow measurements
The Doppler flow velocity was recorded using duplex ultrasonography with a 3.5-MHz convex array probe (Aplio SSA-770A, Toshiba, Tokyo, Japan). Measurements were made at two levels of the renal arteries: 1) the intrarenal segmental arteries in the hilus area; and 2) the main tract of the renal arteries. The segmental rather than interlobar arteries were chosen because a clearer image can be always obtained. [3] [4] [5] The resistive index (RI) was calculated from the envelope of the flow velocity waveform using the following equation: RI = 1 − (end-diastolic velocity ÷ peak systolic velocity) (1).
At least three measurements were made in different segmental arteries in each kidney.
The segmental and main renal artery RIs were determined for both kidneys, and the average values were used for the subsequent analysis. Aortic peak-systolic flow velocity was also measured just above the origin of the renal artery to calculate the aorta-to-renal velocity ratio. 
Laboratory measurements
Venous samples were drawn to measure total cholesterol, high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, fasting blood glucose, hemoglobin A 1c , and creatinine concentration. Estimated glomerular filtration rate (eGFR) was calculated using the 3-variable equation that was derived originally from the Modification of Diet in Renal Disease study and modified specifically for Japanese patients. 6, 7 Diabetes mellitus was defined as a fasting glucose concentration ≥ 126 mg/dl or undergoing anti-diabetic drug therapy, and hypercholesterolemia as a total cholesterol ≥ 240 mg/dl or undergoing cholesterol-lowering drug therapy. Urinary excretion of albumin and creatinine was also determined by standard methods, using spot urine samples. Normoalbuminuria, microalbuminuria, and macroalbuminuria were classified as the urinary albumin/creatinine ratios (UACR) of <30 mg/g, 30-299 mg/g, and ≥300 mg/g, respectively. The presence of albuminuria was defined as UACR ≥30 mg/g. Potential covariates for the multivariate models were selected if there was a previously recognized association or significant univariate correlation. Partial correlation analysis was used to examine the relationship between renal RI and femoral flow parameters while controlling the confounding effects of other potentially relevant variables.
Independent risk factors of albuminuria and their odds ratio were also evaluated using multivariate stepwise logistic regression analysis.
All statistical analyses were performed with SPSS software (version 19). A P value of <0.05 was considered statistically significant. 
